Radiative lifetimes, transition probabilities and oscillator strengths in doubly ionized molybdenum (Mo III) are reported for the first time in the present paper. This new set of atomic data has been obtained by using a semi-empirical computational technique based on the pseudorelativistic Hartree-Fock approach in which a large amount of intravalence and core-valence electron correlations were included. In view of the lack of theoretical and experimental data available in the literature for this ion, the reliability of the results obtained in our work is discussed on the basis of comparisons with the isoelectronic ion Nb II for which an investigation was recently performed using a similar method (Nilsson et al 2010 Astron. Astrophys. 511 A16).
Introduction
Molybdenum, the forty-second chemical element of the periodic table (Z = 42) has many applications in different scientific fields. For example, in astrophysics, the abundance of molybdenum in some metal-poor stars was found to be extremely enhanced, as high or higher than the neighboring even-Z elements ruthenium and zirconium (Peterson 2011 (Peterson , 2013 constraining the possible nucleosynthesis scenarios envisioned for the production of nuclei in this mass range. In fusion research, molybdenum is used as component of plasma-facing material in different devices such as Alcator C-Mod reactor (Lipschultz et al 2006) or the experimental advanced superconducting tokamak, EAST (Liu et al 2013) . These applications require a large number of spectroscopic parameters characterizing the different ionization degrees of molybdenum but so far, unfortunately, for lowly charged states, radiative data were only published for the first two spectra.
More precisely, in Mo I, relative transition probabilities for some lines were measured by Dickerman and Deuel (1964) using a high current argon arc plasma mixed with molybdenum in dust form. The lifetimes of some levels of the 4d 5 5p and 4d 4 5s5p configurations were determined by zerofield level-crossing technique by Baumann et al (1978) . These measurements were then extended to additional levels by Duquette et al (1981) and Kwiatkowski et al (1981) with selective laser excitation and time-resolved observation of the reemitted fluorescence. Oscillator strengths of 174 Mo I lines in the range 2470-5570 Å were obtained by Schnehage et al (1983) from wall-stabilized arc and hollow cathode measurements. The radiative lifetimes of 56 and 14 excited levels were respectively measured by Whaling (1984 Whaling ( , 1986 ) using time-resolved laser fluorescence spectroscopy. Emission branching ratios for the decay of these levels were measured to determine absolute transition probabilities for a total of about 700 lines in the wavelength range 2600-9767 Å. Decay rates for 2835 Mo I lines between 2548 and 10565 Å were also published by Whaling and Brault (1988) who combined level lifetimes, excited level populations measured in an inductively coupled plasma (ICP) source, and emission branching ratios measured with the ICP source and with a hollow cathode discharge source. Later, the fine structure and transition probabilities were studied by Palmeri and Wyart (1998) in the semi-empirical Racah-Slater framework by means of the relativistic Hartree-Fock (HFR) and fitting methods developed by Cowan (1981) . Finally, radiative lifetimes for 14 odd-parity levels with the energy range between 31654.79 and 47184.52 cm −1 of Mo I were measured by Jiang et al (2013) using the time-resolved laser-induced fluorescence technique. Branching fraction measurements of these levels were performed based on the emission spectrum of a hollow cathode lamp. By combining the measured lifetimes and branching fractions, new absolute transition probabilities and oscillator strengths for 130 transitions in the wavelength range extending from 2754 to 6005 Å were derived.
In the case of Mo II, Hannaford and Lowe (1983) measured lifetimes for 15 levels using the laser induced fluorescence technique applied to a sputtered metal vapour. Later on, Sikström et al (2001) reported experimental radiative lifetimes for 10 levels by the same method. With the HFR approach including core-polarization effects, theoretical lifetimes for 37 levels of Mo II and the oscillator strengths of the depopulating transitions were calculated by . More recently, Lundberg et al (2010) measured new radiative lifetimes for 14 odd levels in the energy range 48000-61000 cm −1 while Jiang et al (2012) reported experimental values for 13 odd levels between 48022 and 63497 cm −1 . In these two latter works, new transition probabilities were also obtained using the HFR method.
To our best knowledge, no experimental neither theoretical radiative parameters have been published so far for Mo III. In order to fill in this gap, in the present paper, we report on calculations of oscillator strengths and transition probabilities in this ion performed using the HFR approach including core-polarization effects. This work is an extension of our recent investigations of the fifth row elements Rb III (Zhang et al 2014) , Y II, Y III (Biémont et al 2011) , Zr II (Malcheva et al 2006) , Nb I (Malcheva et al 2011) , Nb II, Nb III (Nilsson et al 2010) , Mo II , Lundberg et al 2010 , Jiang et al 2012 , Tc II (Palmeri et al 2007) , Ru I (Fivet et al 2009) , Ru II, Ru III (Palmeri et al 2009) , Rh II (Quinet et al 2011 (Quinet et al , 2012 , Rh III (Zhang et al 2013a) , Pd I (Xu et al 2006) , Pd III (Zhang et al 2013a) , Ag II (Biémont et al 2005 , Campos et al 2005 , Ag III (Zhang et al 2013a) , Sn I (Zhang et al 2008 (Zhang et al , 2009 (Zhang et al , 2010 , Sb I (Hartman et al 2010) , Te II and Te III (Zhang et al 2013b) .
The Mo III spectrum
The most recent and complete analysis of the Mo III spectrum was published by Iglesias et al (1990) who classified approximately 3100 lines in the range 800-2100 Å, extending in this way their previous data of 679 lines covering the range 1100-3250 Å (Iglesias et al 1988) . These observations were performed under similar conditions using molybdenum spectra produced in a sliding spark discharge and recorded photographically on the NIST (National Institute of Standards and Technology) 10.7 m normal-incidence vacuum spectrograph equipped with a 1200 l mm −1 grating blazed at 1200 Å. The wavelength uncertainty of the observed lines was estimated to be ±0.005 Å. Altogether both investigations led to the establishment of 149 energy levels in the 4d 4 , 4d 3 5s, 4d 2 5s 2 , 4d 3 5d and 4d 3 6s even configurations and 181 energy levels in the 4d 3 5p and 4d 2 5s5p odd configurations. According to Iglesias et al (1990) , the uncertainties of the energy level values listed in their tables are generally less than ±0.10 cm −1 and no greater than ±0.20 cm −1 . Semiempirical HFR calculations were also carried out by the same authors for each of the following rather limited interacting configuration groups : (1) 4d 4 + 4d 3 5s + 4d 2 5s 2 , (2) 4d 3 5d + 4d 3 6s, and (3) 4d 3 5p + 4d 2 5s5p. This allowed them to give LS designations to the experimental levels with average purities of 83%, 59% and 63% for the three groups of configurations mentioned above, respectively.
Atomic structure calculations

Pseudo-HFR model
The pseudo-HFR approach described by Cowan (1981) was used for modeling the atomic structure and calculating the radiative parameters in Mo III. The interacting configurations explicitly included in the physical model were exactly the same as those considered in our recent study related to the isoelectronic ion Nb II (Nilsson et al 2010) 2 6s6p for the odd parity. The relativistic corrections were the mass-velocity and the one-body Darwin terms, as well as the Blume-Watson spin-orbit interaction. The latter contribution includes the part of the Breit interaction that can be reduced to a one-body operator.
Core-polarization effects
Core-valence interactions were taken into account using a polarization model potential and a correction to the dipole operator following a well-established procedure giving rise to the HFR + CPOL method (see e.g. Quinet et al 1999 . In the present work, similarly to our previous work on Nb II ion (Nilsson et al 2010) , the polarization model adopted for Mo III was based on a Mo 4+ ionic core surrounded by two valence electrons. In this model, the CPOL effects were thus included using the dipole polarizability of Mo V given by Fraga et al (1976) , i.e. α d = 3.71 a 0 3 while the cut-off radius was chosen to be equal to r c = 1.60 a 0 which corresponds to the mean value < r > of the outermost 4d core orbital computed with the HFR Cowanʼs code.
Semi-empirical optimization of radial parameters
The HFR + CPOL method was then combined with a leastsquares optimization routine that minimize the discrepancies between calculated and experimental energy levels published by Iglesias et al (1990) . In the even parity, all the 149 experimentally known levels were fitted using, as adjustable parameters, the average energies, the electrostatic interaction integrals, and the spin-orbit parameters corresponding to the 4d 4 , 4d 3 5s, 4d 3 6s, 4d 3 5d and 4d 2 5s 2 configurations. In the case of odd-parity levels, the 159 experimental values below 143000 cm −1 were included in the fitting procedure using the radial parameters of the 4d 3 5p and 4d 2 5s5p configurations as variable parameters. The levels situated above 143000 cm −1
were excluded from the semi-empirical adjustment because it was found that many of those might be expected to overlap unknown levels belonging to higher configurations such as 4d 3 6p and 4d 3 4f, these two latter configurations being predicted to start around 144000 and 149000 cm −1 , respectively, in our calculations. The mean deviations, ΔE, obtained when fitting the levels were found to be equal to 65 and 81 cm −1 for even and odd parities, respectively. It was also found that LScoupling was quite satisfactory for characterizing most of the levels considered in the present work, the average LS purities being calculated equal to 75% for the 149 levels of even parity and to 60% for the 159 levels of the odd parity. This confirms the results obtained previously by Iglesias et al (1990) using very limited theoretical models. The full lists of energy levels are given as supplementary files in table S 1 and S 2 for even and odd parities, respectively (available from …).
Results and discussion
Radiative lifetimes
Radiative lifetimes obtained in the present work are reported in table 1 for energy levels belonging to the 4d 3 5d, 4d 3 6s even-parity configurations and in table 2 for energy levels of the 4d 3 5p, 4d 2 5s5p odd-parity configurations. Unfortunately, no experimental neither theoretical values in Mo III were previously published in the literature for comparison. However, an argument for assessing the reliability of the present results can be obtained from isoelectronic comparisons, particularly from results obtained recently in Nb II (Nilsson et al 2010) , the HFR + CPOL model adopted in this work being the same as that chosen for this isoelectronic ion. More precisely, in this latter work, radiative lifetimes of 17 states belonging to the 4d 3 5p configuration in Nb II were measured using the time-resolved laser-induced fluorescence technique. The comparison of these accurate laboratory measurements with the HFR + CPOL calculations showed that the computed values were in excellent agreement (within 10%) with experimental lifetimes. An excellent agreement (within a few %) was also found when comparing the calculations with the experimental laser spectroscopy measurements obtained by Salih and Lawler (1983) for seven 4d 3 5p levels of Nb II. Consequently, a similar accuracy can also be expected for most of the radiative lifetimes obtained in the present work for Mo III. 
Transition rates
Oscillator strengths and transition probabilities were computed for Mo III spectral lines using our HFR + CPOL model. Due to space limitations, only a small sample of results corresponding to the strongest g f-values, i.e. log g f > 0, is presented in table 3. This corresponds to 172 lines in the ultraviolet region from 1081 to 2634 Å. The full set of data containing transition rates for 7555 lines in the wavelength range from extreme ultraviolet to mid-infrared (724 Å-9.32 μm) is reported in table S 3 given as supplementary file (available from …). Note that, in those two tables, the wavelengths (given in vacuum below 2000 Å and in air above that limit) were deduced from experimental energy level values published by Iglesias et al (1990) . Laboratory measurements of accurate radiative lifetimes and branching fractions in Mo III would now be welcome to definitely assess the accuracy of the new theoretical results obtained in the present work. However, in view of the very good agreement observed when comparing available experimental data with our previous calculations performed in many other similar ions using the same HFR + CPOL approach (see reference quoted in the last paragraph of introduction), one can expect uncertainties of the order of 10-20% for the computed transition rates listed in the present paper, at least for the most intense lines.
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